Glycyl-L-Valine (GLV) crystals were grown using distilled water as the solvent at room temperature by solution growth technique. Powder X-ray diffraction confirms the crystalline quality of GLV crystal. The molecular structure of GLV crystal was identified by 13 C NMR spectral studies. The nonlinear optical (NLO) behavior of the crystal was found to be w4.3 times greater than that of potassium dihydrogen orthophosphate. FT-Raman and FT-IR spectra of the GLV were energies show that charge transfer occurs within the molecule. In addition, the molecular electrostatic potential (MEP) analysis, Mulliken atomic charges of the GLV molecule has been investigated using theoretical calculations.
Introduction
Nonlinear optical (NLO) materials have received abundant attention because of their applications in optoelectronics, such as second harmonic generation (SHG), high data storage optical switching and electro-optic modulation [1] . Recently the analyses of organic nonlinear optical materials have attracted a good attention because of their applications in optoelectronic devices. They have inherent ultra fast response time and large optical susceptibilities as compared with inorganic materials [2, 3] . One of the advantages in working with organic materials is that they allow to have the desired chemical structure and hence the properties for the required nonlinear optical applications [4] . Amino-acid family single crystals have been well-established as really possible second-order NLO materials [5, 6, 7] . Amino acids are fascinating materials for NLO applications as they possess deprotonated carboxylic acid group (COO À ) and protonated amino group (NH 3 þ ). Due to this couple nature, amino acids have physical properties that build them ideal candidates for NLO applications [8] . Amino acids are essential building blocks of a range of commercial, environmental and biological applications, since it is the basic blocks of all proteins [9, 10, 11, 12] . The crystal structure of glycyl-L-Valine (GLV) crystal was reported by C. H. Gorbitz et.al. [13] . Based on these information, steps have been taken to grow glycyl-L-Valine (GLV) single crystal by slow evaporation method. The grown crystal has been subjected to Powder X-ray diffraction analysis, NLO studies, Hirshfeld surface analysis, FT-IR, FT-Raman, 13 C NMR spectral analysis, Natural Bond Orbital analysis (NBO), Frontier Molecular Orbital (FMO), Global Chemical Reactivity Descriptors analyses, Mulliken Atomic charge analysis, Molecular electrostatic potential analysis.
Experimental

Growth of GLV single crystals
Single crystals of glycyl-L-Valine were grown by slow evaporation method from aqueous solution. glycyl-L-Valine was dissolved in double distilled water. The prepared solution was stirred well and taken in a beaker and the mouth was closed with the perforated lid in order to control the rate of evaporation and kept in room temperature for crystallization. To grow bulk crystal, saturated solution of GLV for 100ml was prepared and kept for crystallization. A crystal of size 4 mm Â 4 mm Â 3mm was obtained in a growth period of 20 days and is shown in Fig. 1 .
Instrumentation
The Powder X-ray diffraction studies have been performed on PW3071/xx Bracket automated X-ray powder diffractometer. The experimental settings employed in reading the pattern were as follows: The tube current was 30 mA; the operating target voltage was 40 kV; The X-ray from Anode material (Cu) target was filtered monochromatic Ka line of wavelength 1.5406 A was obtained. The X-ray diffraction indicates the crystalline nature of the GLV crystal. The samples were scanned for 2h
values from 10 o to 80 o at a rate of 2 o min À1 .
The carbon NMR ( 13 C) spectral analysis was carried out on the GLV crystal in D 2 O using Bruker AC200-NMR Spectrometer.
The FT-IR spectrum of the compound was recorded in Bruker IFS 66V spectrometer in the range of 4000e400 cm À1 using KBr pellet technique. The spectral resolution is AE2 cm À1 . The FT-Raman spectrum of GLV is also recorded in the same instrument with FRA 106 Raman module equipped with Nd:YAG laser source operating at 1.064 mm line widths with 200 mW power. The spectra are recorded in the range of 4000e100 cm À1 with scanning speed of 30 cm À1 min À1 of spectral width 2 cm À1 .
Kurtz and Perry [14] second harmonic generation (SHG) test was conducted on GLV crystal in order to understand the NLO behavior of the crystal. The powder form of GLV crystal was taken in a micro capillary tube and was illuminated using Spectra Physics Quanta Ray DHS2. Nd:YAG laser using the first harmonics output of 1064 nm with pulse width of 8 ns and repetition rate 10 Hz and its NLO efficiency was measured with potassium dihydrogen orthophosphate (KDP), as a reference material. The input laser energy incident on the powdered sample was chosen to be 3.4 mJ. 
Theory/Calculation
Density Functional Theory (DFT) with the hybrid functional (B3LYP) with the 6-311þG (d, p) basis set have been employed to calculate optimized bond lengths, bond angles, dihedral angles, atomic charges, vibrational wavenumbers with their IR intensities and Raman scattering activities. All these calculations were performed using Gaussian 09 program [15] . The natural bonding orbitals (NBO) calculations were performed using NBO 5.1 program as implemented in the Gaussian 09 package. The electrophilic and nucleophilic attacks of GLV were presented on molecular electrostatic potential (MEP) and electronic properties have been deduced from HOMOeLUMO analysis.
Results and discussion
Powder X-ray diffraction analysis
Comparison between the PXRD patterns of the GLV with the single XRD patterns revealed the exact identities of the grown GLV crystal which can be seen from 
Nonlinear optical behavior of GLV single crystal
Powder SHG efficiency of GLV crystal is found to be about w4.3 times that of potassium dihydrogen orthophosphate crystal [16] .
Optimized geometry and Hirshfeld surface analyses
The optimized structure of the molecule is shown in Fig. 4 and the geometric parameters are given in Table 2 In the case of molecular crystals, the intermolecular hydrogen bonding and the packing modes can be depicted using the Hirshfeld surface. Crystal explorer version 3.0 [17] software was used to plot the Hirshfeld surface and finger print plots of GLV singe crystal. The Hirshfeld surface analysis gives the graphical explanation for efficient packing to complete with hydrogen bonding as structure-directing process ( Fig. 5a ,b,c,d). The crystal system is stabilized using N-H.O, C-H.O hydrogen Fig. 5a . Hirshfeld surface analysis revealed the dominance of H...H interactions (55.7% in overall surface) indicating that structure is also stabilized by Van der Walls contacts, and their contribution are consistent with the description of molecular packing. In 
FT-IR and FT-Raman spectral analyses
Experimental spectra of FTIR and FT-Raman are presented in the Figs. 6 and 7
respectively. The observed (FT-IR and FT-Raman), calculated vibrational frequencies and vibrational assignments are given in Table 3 .
Methyl group vibrations
The side chain of GLV has two methyl groups attached to the C atom. The CH 3 stretching and deformation vibrations are more or less localized, and offer to good group frequencies. The positions of the C-H stretching vibrations are among the most stable in the spectrum, since the CH 3 group also exhibit C S symmetry. In aliphatic compounds, the asymmetric and symmetric CH 3 stretching vibrations are normally observed in the region 2950-2850 cm-1 [18, 19, 20] . In the present compound, the CH 3 asymmetric stretching mode of vibration appears at 2963 cm À1 and 2958 cm À1 in the FT-IR and FT-Raman spectrum respectively. The strong Raman band at 2872 cm À1 and a medium band in IR at 2877 cm À1 are assigned to methyl symmetric stretching mode.
The asymmetric and symmetric bending vibrations of methyl groups normally appear in the region 1465-1410 cm À1 and 1390-1370 cm À1 respectively. The asymmetric bending mode is observed as a medium and broad band at 1444 cm À1 in IR and as a medium band at 1406 cm À1 in Raman, while the symmetric bending mode is observed as a weak band at 1339 cm À1 in both IR and Raman. 
Amino group vibrations
The NH, group in both primary amines and amides is associated with three characteristic infrared absorption bands. Two, with frequencies around 3500 and 3300 cm -l, are identified respectively with the antisymmetric and symmetric NH stretching vibrations. in the third, in the range 1590e1650 cml , the HNH bending mode is considered to predominate [21] . In this present case, the N-H stretching frequencies are observed at 3358 cm À1 and 3075 cm À1 in the FT-IR are assigned to asymmetric and symmetric vibration respectively. The observed blue shifting of amino stretching wave numbers clearly demonstrates the participation of amino group in intermolecular hydrogen bond formation. The HNH symmetric deformation wave numbers are found at 1566 and 1559 cm À1 in the FT-IR and FT-Raman spectrum respectively.
COOH group vibrations
Free amino acids also have carboxylate ion (COO À ion) stretching vibrations, a strong band occurring in the region 1600-1560 cm À1 [22, 23] . In FT-IR and FTRaman, a strong band observed at 1687 cm À1 and 1685 cm À1 are due to the C¼O stretching of the COOH group. The red shifting of this wave number suggests a decrease in its double bond character which establishes the existence of intermolecular N-H.O bonds within the molecule.
Amide group vibrations
The C¼O band frequency in amides is predominantly sensitive to hydrogen bonding at the C¼O group, while the C-N vibration is equally responsive to the state of hydrogen bonding at the C¼O and N-H sites [24, 25, 26] . The active fundamentals which appear with medium intensity at 932 cm À1 in IR and at 939 cm À1 in Raman are identified as C-N stretching vibration [27] . It can be inferred that that hydrogen bonding at the carbonyl sites stabilizes the charged resonance structure of the amide bond. This results in an increase in the C 2 -N 9 double bond character as the C 2 ¼O 10 bond order decreases, there by the C 2 -N 9 bond length decreases while the C 2 ¼O 10 bond lengthens. This charge resonance structure is evident from the natural bond orbital analysis as well, which is responsible for the enhancement of the NLO activity of the molecule.
Natural bond orbital analysis
The natural bond orbital (NBO) analysis provides an efficient method for investigating conjugative interactions in molecular systems. Stabilizing interactions between filled and unoccupied orbitals and destabilizing interactions between filled orbitals can also be obtained from this analysis [28] . The hyperconjugative interaction energy was deduced from the second-order perturbation approach.
where hsjFjsi 2 or F 2 ij is the Fock matrix element between the ith and jth NBO orbitals, ε s and ε s * are the energies of s and s* NBO's, and n s is the population of the donor s orbital. The greater the E ð2Þ value, the more intensive is the interaction between electron donors and acceptors, i.e. the greater the extent of conjugation of the system. Table 4 shows the most important interactions between Lewis and non-Lewis orbitals with Oxygen lone pairs, the second order perturbation energy values, E(2), corresponding to these interactions, and the overlap integral of each orbital pair.
A very strong interaction has been observed between the p-type orbital containing the lone electron pair of N 9 and the neighbour p* (C 2 -O 10 ) antibonding orbital of the glycine part. This interaction is responsible for a pronounced decrease of cloud is delocalized between the two electronegative oxygen atoms in the resonance structure, which leads to the de-protonation of the carboxyl group and the subse- 
Frontier molecular orbital (FMO) analysis
The frontier molecular orbitals are very much helpful for studying the electric and optical properties of the organic molecules. The stabilization of the bonding molecular orbital and destabilization of the antibonding can increase when the overlap of two orbitals increases. In the molecular interaction, there are the two important orbitals that interact with each other. One is the highest energy occupied molecular orbital is called HOMO represents the ability to donate an electron. The other one is the lowest energy unoccupied molecular orbital is called LUMO as an electron acceptor. These orbitals are sometimes called the frontier orbitals. The interaction between them is much stable and is called filled empty interaction. The charge densities of the HOMO and LUMO are shown in Fig. 8 . The HOMO is mainly localized over the entire molecule except amine and a methyl group and the LUMO is spread over the entire molecule except methyl group. The HOMO-1 is concentrated over the CCN, NH 2 and C¼O group of the molecule. Molecule with large HOMOeLUMO gap has been shown to be stable and unreactive; those with small gaps are chemically reactive [30, 31, 32, 33, 34] . The HOMO and LUMO energy are -8.7447eV and Table  5 . An approximation for absolute hardness h was developed [35, 36, 37 ] as given below:
where I is the vertical ionization energy and A is vertical electron affinity. As per Koopman's theorem [38] the ionization energy and electron affinity can be specified through HOMO and LUMO orbital energies as:
The calculated values of GCRD such as h, m, S, c and u for GLV single crystal are also presented in Table 5 . The higher energy of HOMO is corresponds to the more reactive molecule in the reactions with electrophiles, while lower LUMO energy is essential for molecular reactions with nucleophiles [39] .
Hence, the hardness of any materials is correspond to the gap between the HOMO and LUMO orbitals. If the energy gap of HOMO-LUMO is larger, than molecule would be harder [36] .
The electronic chemical potential of a molecule is calculated by:
The softness of a molecule is calculated by: 
The electronegativity of the molecule is calculated by:
The electrophilicity index of the molecule is calculated by:
Mulliken atomic charge
Mulliken atomic charge calculation has an important role in the application of quantum chemical calculation to molecular system because of atomic charges effect dipole moment, molecular polarizability, electronic structure and more a lot of properties of molecular systems. The calculated Mulliken charge values of GLV are listed in Table 6 . The Mulliken charge distribution of the GLV in B3LYP/6-311þG(d,p) methods is shown in Fig. 9 . The charge distribution of the molecule shows all the hydrogen atoms and C2 are positively charged whereas the other carbon atoms are negative. C3, C7 and O12 display strong electonegativity, the theoretical Mulliken atomic charge of C3, C7 and O12 is -0.0916, -0.1419 and -0.1452 a.u respectively. 
Molecular electrostatic potential (MEP)
To investigate the reactive sites of 1, the molecular electrostatic potential [40] was evaluated using the B3LYP/6-311G (d,p) method. The molecular electrostatic potential, V(r) at a point 'r' in the space around a molecule (in atomic units) can be expressed as:
Where Z A is the charge on nucleus A, located at R A , r(r') is the electronic density function of the molecule and r' is the dummy integration variable. The first and second terms represent the contributions to the potential due to nuclei and electrons, respectively. Molecular electrostatic potential, V(r) is the resultant at each point r, which is the net electrostatic effect produced at the point r by both the electrons and nuclei of the molecule.
Molecular electrostatic potential (MEP) is an important tool used to predict the reactivity of a wide variety of chemical systems in both electrophilic and nucleophilic reactions [41, 42] . It provides a visual method to understand the relative polarity of the molecule. Fig. 10 shows the MEP surface plot for the molecule computed at B3LYP/6-311G (d,p) level on the optimized geometry of the molecule. The electrostatic potential ranges from -0.0297 to þ0.0297 a. u. with deepest blue density which represents the electron deficient regions V(r) > 0.0297 a. u.) and deepest red density represents the electron rich regions (V(r) < -0.0297a.u.) in the plot. The maximum values of ESP show that the C7 carbons and hydrogen are acidic, exhibit greater positive potentials w18.4942eV. The green area represents the zero electrostatic potential regions. It is seen from Fig. 10 that the region around oxygen atom (O10) linked with carbon through double bond represents the most negative potential region (red) and the region around the hydrogen atom represents the maximum positive charge (blue) in molecule. The predominance of light green region in the MEP surfaces corresponds to a potential halfway between the two extremes red and dark blue color.
The calculated thermo-dynamical parameters are presented in Table 7 such as total energy, zero-point vibrational energy, rotational constants and entropy at room temperature using B3LYP/6-311þþG (d, p) basis set. Thermodynamic parameters can explain the stability and reactivity of a molecule. As seen from the is an important value helping to characterize the electronic property of a molecule by atomic charge distribution.
Conclusion
Single crystals of organic GLV were grown by slow evaporation technique. Second harmonic generation efficiency of GLV is~4. Wrote the paper.
